Bardet-Biedl syndrome (BBS) is a genetically heterogeneous inherited human disorder displaying a pleotropic phenotype. Many of the symptoms characterized in the human disease have been reproduced in animal models carrying deletions or knock-in mutations of genes causal for the disorder. Thinning of the cerebral cortex, enlargement of the lateral and third ventricles, and structural changes in cilia are among the pathologies documented in these animal models. Ciliopathy is of particular interest in light of recent studies that have implicated primary neuronal cilia (PNC) in neuronal signal transduction. In the present investigation, we tested the hypothesis that areas of the brain responsible for learning and memory formation would differentially exhibit PNC abnormalities in animals carrying a deletion of the Bbs4 gene (Bbs4 -/-). Immunohistochemical localization of adenylyl cyclase-III (ACIII), a marker restricted to PNC, revealed dramatic alterations in PNC morphology and a statistically significant reduction in number of immunopositive cilia in the hippocampus and amygdala of Bbs4 -/-mice compared to wild type (WT) littermates. Western blot analysis confirmed the decrease of ACIII levels in the hippocampus and amygdala of Bbs4 -/-mice, and electron microscopy demonstrated pathological alterations of PNC in the hippocampus and amygdala. Importantly, no neuronal loss was found within the subregions of amygdala and hippocampus sampled in Bbs4 -/-mice and there were no statistically significant alterations of ACIII immunopositive cilia in other areas of the brain not known to contribute to the BBS phenotype. Considered with data documenting a role of cilia in signal transduction these findings support the conclusion that alterations in cilia structure or neurochemical phenotypes may contribute to the cognitive deficits observed in the Bbs4 -/-mouse mode. 
Introduction
BBS is a pleiotropic autosomal recessive disorder first described almost 150 years ago on the basis of excess adiposity, genital dystrophy, retinitis pigmentosa, mental deficiency, renal abnormalities, polydactyly and learning disabilities [1] [2] [3] . Contemporary research has established BBS as a complex phenotype derived from mutations in any of seventeen genes [4] [5] [6] [7] . Protein products of seven of these genes (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8) and another protein (BBIP10) form a complex known as the BBSome [8] [9] [10] that has been implicated in trafficking of membrane proteins to and from the cilia [11, 12] . The G protein-coupled somatostatin receptor 3 (SST3) [11] is among proteins transported to primary cilia by the BBSome while the dopamine receptor 1 requires BBSome proteins for translocation of the receptor from cilia [12] . Recent investigations have demonstrated that transport of melanin-concentrating hormone receptor 1 (MCHR1) and SST3 to cilia is compromised in Bbs2 -/-and Bbs4 -/-mice [13] and that impaired BBSome assembly contributes to the etiology of BBS phenotypes associated with the loss of function of BBS6, BBS10 and BBS12 genes [14] . Collectively, these data a) are consistent with a signal transduction function for cilia, b) support the conclusion that the BBSome enables such communication through its integral role in protein transport between cilia and parent neurons, and c) raises the possibility that interference with BBSome-mediated transport may contribute to the BBS disease phenotype.
A considerable body of literature supports the conclusion that deletions or mutations of BBS genes in the mouse genome produce animals with symptoms similar to the human disease phenotype. Early studies demonstrated that knock-out mice lacking either the Bbs2 or Bbs4 genes express many of the major symptoms of BBS [15] [16] [17] [18] [19] . Although there are variations in the expression of secondary symptoms of the human disorder in these Bbs -/-animals (e.g., hypertension; [19] ), the core symptoms of the disease largely mimic those observed in the human disease. Importantly, behavioral alterations consistent with the cognitive impairments characteristic of the human disease have been documented in Bbs -/-mice (e.g., reduced social dominance [17, 20] , and elevated anxiety [20] ), which is consistent with the reported increase in anxiety and depression in BBS children [21] . Surprisingly little is known about the neuropathological changes that are causal for the cognitive impairments that characterize BBS. Volume loss in the neocortex and hippocampus has been documented in a quantitative magnetic resonance imaging (MRI) study of the brains of 10 BBS patients [22] , an observation that has also been validated in a Bbs1 knock-in mouse model by Davis and colleagues [23] . Davis et al also documented defective motile cilia on the ependymal lining of the third ventricle using transmission electron microscopy, and defects in cilia of the choroid plexus, subfornical organ and ventricular ependyma were subsequently documented in Bbs1 knock-in mutant mice by Swiderski et al [6] . In addition, Carter and colleagues identified signaling defects in a specific class of subventricular zone neural progenitor cells in Bbs1 mutant mice [24] and it was recently reported that ectopic BBS4 rescues the BBS phenotype in Bbs4 -/-mice [25] . Nevertheless, the morphology and distribution of PNC has not been comprehensively investigated in Bbs animal models.
In the present study we tested the hypothesis that mice carrying a deletion in the Bbs4 gene will exhibit pathological changes in the number and morphology of primary neuronal cilia in areas of the brain involved in learning and memory, but not in areas that do not contribute to this phenotype. This hypothesis is based upon the accumulating evidence that PNC are ubiquitously distributed throughout the brain [26] , are involved in neuronal signal transduction [27] , that the BBSome complex sorts membrane proteins to cilia [9] , and that conditional ablation of cilia delays spatial learning through elimination of adult hippocampal stem/ progenitor cells [28] .
Results

Conformation of neuropathology in the Bbs4
-/-mouse Comparison of the general morphology of the brains of WT and Bbs4 -/-mice confirmed the gross differences in central nervous system structure (CNS) documented previously for the Bbs1 knock-in model [23] and Bbs deletion mutants [6] . Consistent with the findings of Swiderski and colleagues [6] we observed that deletion of the Bbs4 gene produced enlarged ventricles and reduced mass of the hippocampus and striatum compared to WT littermates.
Immunohistochemical localization of ACIII
To further confirm the specificity of the anti-ACIII antibody used for immunocytochemical localization of PNC we compared staining of primary cilia associated with neurons in the ventromedial nucleus of hypothalamus (VMH) to motile cilia on the luminal surface of the adjacent ependymal lining of the third ventricle. Immunohistochemical localization of ACIII revealed immunopositive PNC in the VMH and in all regions of the neuraxis in WT mice. However, no immunopositive staining of cilia was observed on the luminal surface of the ependyma (data not shown). We also conducted preabsorbtion controls that confirmed the observations of Bishop and colleagues using the same antiserum [26] .
Qualitative analysis of wild type and Bbs4 -/-brains revealed apparent differences in the number and morphology of ACIII immunopositive PNC. These differences were particularly prominent in regions of the brain involved in cognition and memory function of all Bbs4 -/-animals. Substantial reductions in both the number and morphology of immunopositive PNC in Bbs4 -/-mice were observed within amygdala and hippocampus. However, careful examination of subcortical regions revealed that the ciliopathy was not a uniform property of all CNS cell groups. On the basis of these initial qualitative observations we designed a focused quantitative analysis to determine the extent and reproducibility of the ciliopathy. This analysis was conducted on the amygdala, hippocampus, and four subcortical regions (nucleus accumbens shell, suprachiasmatic nucleus, principal sensory trigeminal nucleus and the dorsal tegmental nucleus of Gudden). (Figures 1 A, B, E-I). Immunopositive profiles were homogeneously distributed, dense, and IR appeared to extend throughout the full length of each cilium. In addition, ACIII+ PNC were associated with neurons in each amygdala subdivision. Analysis of the number of IR cilia per unit area in WT mice revealed statistically significant differences among amygdala subdivisions, particularly in relation to the high density of IR cilia observed in the intercalated cell masses (ICM) ( Figure 1D ). As detailed in the Methods section we normalized observations between WT and mutant animals by dividing the number of immunopositive cilia counted by the area (cilia/mm 2 ) and reporting the distribution as ciliary density. Quantitative analysis revealed an average density measure of 0.90 cilia/100 mm 2 60.10 in the ICM, a number that far exceeded that documented in all other amygdala subdivisions and was statistically significant ( Figure 1D ; P,0.000005). This difference is likely related to the high packing density of ICM neurons relative to other amygdala subfields. Statistical analysis also revealed significant differences between other amygdala subdivisions of WT animals. After the ICM, the highest cilia number was observed in the posterior portion of the basomedial nucleus with a number that was significantly higher than that observed in the lateral, basolateral and anterior basomedial nucleus. The number of ACIII+ cilia per unit area in the lateral and capsular subdivisions of the central nucleus of the amygdala also was significantly higher than that observed in lateral, basolateral and anterior subdivision of the basomedial nucleus (Figure 1 D) .
Strikingly, immunopositive cilia in each amygdala subdivision of Bbs4 -/-mice were dramatically reduced compared to WT controls (compare figures 1 B with 1 C and 1 E-I with 1 J-N). The cardinal features that separated Bbs4 -/-and WT groups were the dramatic reduction in immunopositive profiles in Bbs4 -/-animals and reduced intensity of immunocytochemical signal. These differences were striking and consistent in all Bbs4 -/-mice. In this regard, it is important to note that the staining of immunopositive cilia in Bbs4 -/-animals was generally much lighter than that observed within WT littermates, even though processing procedures for tissue sections from both groups were standardized. Statistical analysis revealed that the reductions in immunopositive profiles were highly significant in all subdivisions of the amygdala in Bbs4 -/-animals compared to WT littermates ( Figure 1D ). Fur-thermore, the reductions were consistent across amygdala subdivisions; e.g., no subdivision of the amygdala was spared the reduction of immunopositive profiles. To determine if the reduction in immunopositive cilia was a consequence of reductions in the number of neurons we conducted an unbiased stereological sampling. This analysis revealed no statistical difference between Bbs4 -/-mice and their WT littermates. Thus, the reduction in the number of immunopositive cilia within sampled amygdala subdivisions cannot be attributed to a reduced number of neurons. However, it is important to emphasize that this analysis was conducted on only a single section through the amygdala ( Figure 1A ) and did not sample the rostrocaudal extent of each subfield. Accordingly, we cannot exclude the possibility that neuronal loss occurred within the amygdala.
Electron microscopic analysis documented dramatic alterations in the ultrastructure of PNC in Bbs4 -/-mice compared to WT littermates. Cilia of WT mice contained 9 pairs of microtubules arising from the basal body and extending throughout the full extent of each organelle (Figures 2 A & B) . In contrast, PNC of E). In the regions immediately distal to basal bodies radial spokes were often broken. Beyond the transition zone the cilia were truncated and exhibited highly disorganized microtubules that could only be recognized by virtue of occasional continuity with basal bodies (Figures 2 C & E) . However, the most distal portions of the cilia exhibited the most prominent pathological changes, characterized by pronounced swelling almost entirely lacking in microtubules and the presence of spherical inclusion bodies ( Figure 2E ).
1.2.2. Cilia of hippocampi. ACIII immunopositive profiles were prevalent throughout all major subdivisions of hippocampal formation (DG, CA3, CA1, and subiculum) of WT animals ( Figures 3 and 4) . Among subdivisions, immunopositive PNC were most prevalent within the granule cell layer of dentate gyrus ( Figure 3F ), stratum pyramidale of CA3 & CA1 ( Figures 3 G & H) , and the deep cell layer of the subiculum ( Figure 4B ) that expands from the termination of CA1 stratum pyramidale. The dense concentration of immunopositive cilia within these cell layers contrasted with the sparse distribution of immunoreactive profiles in stratum oriens, stratum radiatum and stratum lacunosum moleculare of CA3 & CA1 and the cell sparse external portion of the subiculum. Nevertheless, it is important to note that cilia were associated with interneurons known to populate those regions.
We conducted quantitative analyses of the density of PNC within standardized subregions of the dentate granule cell layer and stratum pyramidale of CA3 and CA1 in sections through rostral (dorsal; Figure 3A ) and caudal (ventral; Figure 4A ) hippocampi, and in the deep pyramidal cell layer of ventral subiculum (see designated areas in figures). The density of PNC per unit area within these regions in WT animals was highest within the dentate granule cell layer in both the rostral and caudal hippocampus, which is likely reflective of the smaller size and high packing density of neurons within this cell layer relative to the other cell groups. Comparison of PNC number per unit area in CA3 and CA1 of WT mice revealed a higher density measure in CA1, particularly at rostral levels of hippocampi ( Figure 3H ). However, with one exception (CA1 vs. ventral subiculum) statistical analysis revealed that significant differences were restricted to comparisons between the dentate granular cell layer relative to CA3 (rostral and caudal hippocampus) and ventral subiculum.
Dramatic reductions in the number of ACIII immunopositive profiles were observed in all subdivisions of the hippocampus of confirmed that these reductions were highly significant and involved all hippocampal subdivisions ( Figure 3 D and 4D ).
The morphology of immunopositive profiles in the cell dense layers of dorsal and ventral hippocampi of knockout animals displayed prominent structural differences compared to WT animals. This was particularly apparent in the CA1 region of rostral (dorsal) hippocampi where PNC in the Bbs4 -/-mice characteristically appeared truncated relative to those in comparable regions of WT mice (compare figures 3 K & H). We therefore conducted a quantitative analysis of the length of immunopositive cilia within each region. Interestingly, this analysis revealed a significant difference in the length of ACIII immunopositive cilia in the stratum pyramidale of CA1 in the rostral (dorsal) hippocampus compared to the caudal (ventral) hippocampus of Bbs4 -/-mice and also documented a difference in length of ACIII immunopositive cilia in the dorsal and ventral hippocampus of WT animals (Figures 3 E and 4 E). In WT mice immunopositive cilia in CA3 were longer in the ventral hippocampus compared to the dorsal hippocampus. However, there was no significant reduction in the length of immunopositive profiles in either area of Bbs4 -/-mice. Similarly, there was no significant difference in the length of immunopositive profiles in CA1 of WT mice in the dorsal and ventral hippocampus (6.2960.30 mm in dorsal and 6.1560.24 mm in ventral). In contrast, a statistically significant reduction in cilia length was observed in CA1 of the dorsal hippocampus of Bbs4 -/-animals compared to WT control animals (P = 0.00023; Figure 3E ).
As in the amygdala, electron microscopic analysis revealed marked alterations in cilia ultrastructure of Bbs4 -/-compared to littermate controls (Figures 5 B & C) . This analysis focused upon CA1 at rostral levels of hippocampus. Few alterations were observed in the structure of basal bodies but the regions beyond the transition zone revealed marked structural alterations that recapitulated those observed in the amygdala (Figures 5 B & D) . Particularly characteristic of these changes were truncated length, swollen balloon-like morphology and a paucity of microtubules. Unusual spherical inclusion bodies were also prevalent in these pathological profiles (Figures 5 B & C) .
In each of the regions subjected to quantitative analysis of the number of immunopositive cilia we also analyzed the numbers of neurons. Within these restricted regions, which were subsets of the hippocampal subfields, unbiased stereological analysis revealed no statistical difference in neuron number. However, once again, it is important to emphasize that our analysis was confined to restricted regions of each hippocampal subfield within a single section. Examination of the neutral red counterstained sections revealed a clear loss of hippocampal mass at rostral levels and we cannot preclude the possibility that there was also neuron loss in caudal hippocampi.
Subcortical regions of Bbs4
-/-brains. Careful analysis revealed that ciliopathy was not a uniform property of the Bbs4 -/-mouse brain. Qualitative light microscopic analysis of regions of the brain that are not linked to the BBS phenotype in Bbs4 -/-mutant mice showed no apparent alterations in either the number or morphology of primary neuronal cilia. It is important to note that unpublished data collected by one of us (Rahmouni) has demonstrated Bbs4 gene expression in all of the areas that were subject to analysis in this study. Subcortical areas with no known association with the BBS phenotype included regions mediating behavioral state (e.g., suprachiasmatic nucleus), sensation (e.g., principal sensory trigeminal nucleus), olfaction (e.g., olfactory tubercle), audition (e.g., ventral cochlear nucleus and inferior colliculus), vestibular function and orientation (dorsal tegmental nucleus), motor function (e.g., lateral globus pallidus), reinforcement (e.g., nucleus accumbens), as well as multimodal processors important for the maintenance of homeostasis and responsiveness to stress (e.g., bed nucleus of stria terminalis). Diffusely projecting, -/-hippocampus. The data was collected from three WT and five Bbs4 -/-mice. BB -basal bodies; c -cilium; N -neuron; Nunucleus; arrows point to BB; solid arrow heads point to the ciliary transition zones; red arrow heads point to the spherical inclusion bodies. Scale bars: 0.5 mm for A-C. doi:10.1371/journal.pone.0093484.g005
Primary Neuronal Cilia Defects in BBS Mouse Model PLOS ONE | www.plosone.orgmultifunctional areas of the CNS (e.g., pedunculopontine nucleus) also showed no apparent ciliopathy. A subset of these regions was subject to quantitative analysis. They included the nucleus accumbens shell (AcbSh), suprachiasmatic nucleus (SCN), principal sensory trigeminal nucleus, ventrolateral subdivision (Pr5VL) and dorsal tegmental nucleus of Gudden (DTg). Our prediction that the areas not related to the BBS phenotype would not display PNC abnormalities was confirmed morphologically on light microscopic (Figure 6 ), electron microscopic levels (Figure 7) , statistically ( Figure 8 ) and biochemically ( Figure 9) . Similarly, unbiased stereological analysis of numbers of neurons within all regions of the neuraxis did not reveal statistically significant differences between WT and mutant mice except for the CA3 area of dorsal hippocampus (Figure 10 ).
Western blot analysis
Biochemical analysis, carried out by an investigator masked to the samples, revealed statistically significant reductions in levels of ACIII in amygdala and hippocampus of Bbs4 -/-mice compared to the same areas of WT animals (Figure 9 A, C). In contrast, no statistically significant changes in ACIII levels were observed in the AcbSh and SCN between Bbs4 -/-and WT mice (B, C).
Discussion
Developmental delay and intellectual impairment are cardinal features of ciliopathy disorders, including BBS [29, 30] . The type and degree of impairment evident in BBS is variable among individuals [21, 31, 32] and may be related to variable involvement of the genes causal for the disorder. A quantitative MRI study of 10 BBS patients, 8 of which contained a mutation in the BBS1 gene, documented a total gray matter volume loss of 10% with regional abnormalities concentrated in the orbitofrontal cortex, temporal lobe and hippocampus [22] . Neuroanatomical studies of mice with a knock-in mutation of the Bbs1 gene have also revealed a marked loss in cortical and hippocampal mass similar to that documented in the human disease [23] . BBS deletion mutants lacking the Bbs2, Bbs4 and Bbs6 genes have recently demonstrated ventriculomegaly with an associated loss of cortical and hippocampal mass [6] . The data reported in the current study add to literature documenting the pathological consequences of Bbs4 gene -/-(Bbs4 -/-) deletion by demonstrating dramatic alterations in the structure, apparent distribution, and neurochemistry of PNC. A developing literature now suggests that PNC play an important role in the generation of symptoms in a variety of human ciliopathies (e.g., nephronophthisis, BBS, Orofacial-digital type 1, Meckel-Gruber, Joubert and Von Hippel-Lindau syndromes) [22, 33, 34] . Additionally, Keryer et al recently reported that huntingtin-associated protein 1 regulates ciliogenesis through an interaction with pericentriolar material 1 protein, implicating ciliopathy as a factor that may contribute to the pathogenesis of Huntington disease [35] . Our data bring further clarity to the extent of ciliopathy in the Bbs4
-/-mouse model of Bardet-Biedl syndrome and implicate ciliopathy as a potential contributing factor to the disease phenotype. Whether the pathological changes in PNC observed in our study are causally related to the deletion of the Bbs4 gene remains to be determined. Similarly, we cannot ascribe a causal relationship between the ciliopathy documented in our study and the loss of function observed in Bbs4 -/-mice. Nevertheless, a number of studies in the literature are consistent with this conclusion. Notable in this regard is a recent study by Chamling and colleagues reporting that expression of the human BBS4 gene in Bbs4 null mice rescued the majority of BBS related consequences of Bbs4 gene deletion [25] . A number of other studies examining the signaling capacity of cilia suggest that this restoration of function is linked to the presence of the ACIII enzyme. ACIII is part of cAMP-dependent, G protein-coupled signaling cascade used in cell communication [27, 36, 37] and is an essential component in the olfactory system that converts chemical stimuli into electrical signals [38] . The presence of this second messenger in PNC has been influential in revealing the full extent of the distribution of PNC in the CNS [25] as well as for documenting a potential role for primary cilia in CNS-mediated functions. For example, Wang and colleagues recently demonstrated that ACIII is required for novel learning and extinction of contextual memory [39] . Furthermore, it is now well established that BBSome proteins play a an integral role in the transport of the SST3 and MCHR1 receptors to and from cilia [13] and that receptor expression can influence the degree of ACIII localization within cilia [40] . In this regard, overexpression of the 5HT6 receptor essentially eliminated the localization of ACIII and SST3 to cilia. Importantly, it has also been demonstrated that transport of SST3 to cilia is compromised in Bbs2 -/-and Bbs4 -/-mutant mice [13] .
Additional evidence supports the conclusion that the disruption of ACIII localization observed in our study may contribute to the neuropathological alterations evident in the brains of BBS deletion mutants. In this regard Guadianna and colleagues [40] reported that ACIII is required for normal development of the dendritic trees of cortical projection neurons in mice. Similarly, Kumamoto and colleagues demonstrated that conditional deletion of cilia from dentate granule neurons born in the adult brain produces severe defects in dendritic development and in the synaptic integration of these neurons into hippocampal circuitry [41] . Although not examined in our study, these data imply that the ciliopathy and reduced ACIII staining observed in our investigation may be indicative of defects in the dendritic architecture of affected neurons. Such alterations, should they exist, would certainly be reflective of altered circuit dynamics in afflicted areas, a finding that would be consistent with the cognitive deficits documented in BBS mutant animals.
The regions in which ACIII immunopositive cilia are enriched in the WT brain and reduced in Bbs4 -/-mice are integral to learning and memory. Within the hippocampus they include the granule cells of dentate gyrus, stratum pyramidale of CA3 and CA1, and the subiculum. These neurons are essential for acquisition and consolidation of declarative memory and lesions of components of this circuitry produce anterograde memory loss, as has been clearly documented in numerous clinical cases and animal models [22, 39, 42] . Similarly, the subdivisions of amygdala (lateral, basal, central) enriched in PNC in WT animals, and exhibiting reductions in Bbs4 -/-mice, play an essential role in the acquisition and expression of conditioned fear responses [43] [44] [45] . Our analyses clearly demonstrate pronounced pathological alterations of PNC in the amygdala and hippocampus of Bbs4 -/-mice. The number of PNC per unit area in these regions was also significantly lower than in corresponding areas of the WT control brain. Our ultrastructural findings revealed that at least a portion of the loss of ACIII immunoreactivity is due to gross structural disorganization and truncation of cilia within these regions. When -/-animal model are illustrated. Insets in each figure demonstrate the basal bodies of the cilia at higher magnification. No overt differences in morphology of PNC in these regions were observed compared to those of wild type animals (see Figure 2) . The data for was collected from three WT and five Bbs4 -/-mice. BB -basal bodies; c -cilium; N -neuron; Nu -nucleus; arrows point to BB. Scale bars: 0.5 mm for A-D. Abbreviations as for Figure 6 . doi:10.1371/journal.pone.0093484.g007 combined with the consistently lower intensity of staining observed in mutant animals and the statistically significant reduction in levels of ACIII in mutants demonstrated in the Western Blot analysis it is clearly apparent that the signaling capacity of cilia in amygdala and hippocampus of mutant animals is severely compromised. Considered with the aforementioned data demonstrating the essential role of ACIII in the signaling capacity of cilia and the learning deficits associated with deletion of cilia, our data suggest that more detailed behavioral assessment of these processes in Bbs4 -/-animals will be informative in clarifying the role of PNC in neuronal signaling underlying these functions. Determining the interrelations of signal transduction through PNC and that achieved through classical synaptic communication is an obvious and important goal for future investigations.
Characterizing the precise pathology that is present in the brain of BBS animal models at early ages [6] , and how it may differ in animals with deletions or mutations of the BBS gene family, remains an important goal for defining the pathology present in humans affected with the syndrome. The observation of variable reductions in the number and extent of ACIII immunoreactive cilia among Bbs4 -/-mice is consistent with the variable phenotype observed in the human disease; e.g., differences in IQ range (from 42 to 108) in 21 children with BBS [21] . Similarly, the differential reductions of ACIII immunoreactivity in subdivisions of the amygdala and hippocampal formation may interfere with circuit related function of these regions. For example, dysfunction of PNC in the intercalated cell masses may impair the GABA-ergic inputs to the centromedial complex, thereby disrupting influences of the amygdala upon hypothalamic and brainstem centers involved in the elaboration of autonomic responses and species-specific emotional behaviors [46] . The differential alterations in the length of cilia documented in CA1 of dorsal hippocampus in our analysis are intriguing and raise the possibility that alterations of BBS gene expression may have regional consequences for cilia structure and function. In this regard it is interesting to note that increased expression of the dyslexia candidate gene (DCDC2) affects the length and signaling of PNC and hippocampal neuronal morphology [47] .
The observed PNC pathology in BBS mutant mice brains may also result because of absence or damage of another important organelle, the ciliary rootlet (CR). It is known that CR is essential for long-term stability of sensory cilia in photoreceptor cells [48] and plays a role in intracellular transport in ciliated cells [49] . It was described in 2002 that the enzyme rootletin is a structural component of the rootlet [50] . Seeley and Nachury noted that the CR is not essential for ciliary biogenesis or function but is integral to imparting mechanical support to cilia [51] . The data published by Yang and colleagues reports that rootletin-null mice display ciliary defects in photoreceptor cells [48] . It is critically important to study the CRs in hippocampus and amygdala of Bbs4 -/-brains where the defective cilia were present and compare with the areas where the pathology of PNC have not been observed. A further light microscopic immunocytochemical localizations of rootletin and biochemical analyses of these regions of the brain are necessary to understand if the absence of this enzyme may influence the defective PNC.
The fact that the reductions in PNC number and ciliopathy observed in the hippocampus and amygdala of Bbs4 -/-mice were not generalized to all areas of the brain is an important observation that provides further support for the hypothesis that ciliopathy may contribute to the BBS phenotype ( Figure 11 ). In this regard, the pathology documented in both the human disorder and animal models is concentrated in areas of the brain involved in learning and memory while no pathology has been reported in subcortical regions not directly related to these functions. Our analysis is consistent with these findings in that we demonstrate normal PNC numbers and no overt morphological alterations in PNC in areas of the brain ofBbs4 -/-mutants that participate in the regulation of reward and motivation (AcbSh), of circadian rhythms (SCN), of light touch of the face sensation (Pr5VL), of angular head velocity (DTg) and are not known to exhibit abnormal function in the animal model of BBS. Interestingly, all areas of the Bbs4 -/-mice brains investigated in this study did not exhibit a significant difference in the number of neurons compared to the same regions of WT mice brains (Figure 11 ) except for the CA3 of the dorsal hippocampus. Nevertheless, an analysis of the distribution of ACIII+ cilia in the cortical mantle remains an important goal for fully defining the potential role of PNC in the cognitive deficits observed in Bbs null mice. As noted previously, cortical thinning has been documented in BBS and is differentially distributed among cortical regions. Cortical thinning has also been documented in Bbs deletion mutants (e.g., [6, 22] ) but has not been subjected to detailed regional characterizations. Whereas the cell loss that associated with the reduction in cortical mass in Bbs deletion mutants certainly contributes to the cognitive deficits exhibited by in these animals it will be important to determine if surviving cortical neurons exhibit a ciliopathy similar to that we have documented in hippocampus and amygdala.
These findings, considered with the differential concentration of ciliopathy in areas of Bbs4 -/-brain that mediate cognition and learning (the other areas to be investigated), provide a strong rationale for a more detailed functional analysis of the role of cilia in neuronal communication as well as the role that ciliopathy may play in the genesis of the symptoms characteristic of BBS.
Experimental Procedures
Animals
Ten adult Bbs4 -/-male and eight littermate control (WT) male mice were included in the study. The animals were produced and housed at the University of Iowa as described previously [19] . The genotype of each animal was determined with PCR according to previously published procedures [16, 17] . Animals were anesthetized and perfused at the University of Iowa and the Immunohistochemical, light and electron microscopic processing of the brains was conducted at the University of Pittsburgh. The University of Iowa Animal Research Committee approved all procedures and regulations relevant to the collection and processing of tissue. Additionally, all experimental procedures conformed to the NIH's Guidelines for the Care and Use of Laboratory Animals.
Anesthesia and perfusion
Eight Bbs4
-/-and six WT mice were anesthetized with an intraperitoneal injection of ketamine (91 mg/kg) and xylazine (9.1 mg/kg), and all efforts were made to minimize suffering. Deeply anesthetized animals were then perfused transcardially with phosphate buffered saline (PBS) followed by 4% paraformaldehyde and 0.5% glutaraldehyde in PBS for light and by 2% paraformaldehyde and 1.0% glutaraldehyde in PBS for electron microscopic studies. The brains were removed and postfixed in the same fixative overnight at 4uC. Fixed brains were rinsed in PBS and transferred to a solution containing sucrose, Polyvinilpyrrolidone, ethylene glycol and 0.1 M sodium phosphate buffer [52] for cryotprotection and stored at 220uC.
Immunohistochemistry
2.3.1. ACIII antibody specificity. The rabbit polyclonal antibody used for ACIII localization was purchased from Santa Cruz Biotechnology (Santa Cruz, CA; catalog number sc-588). It was prepared against a synthetic peptide identical to the C terminal 20 amino acids of mouse ACIII. The antiserum recognizes a band of approximately 200 kD on Western blot and does not produce an immunocytochemical signal in tissue from ACIII knockout mice (Wong et al., 2000) . Bishop and colleagues (2007) demonstrated that immunocytochemical staining of tissue from 129:BL6 mice was eliminated by preabsorbtion of the antiserum with the immunizing peptide (Santa Cruz; catalog number sc-588P). We confirmed this observation using sections from WT and Bbs4 -/-brains. Preabsorbtion of the primary antiserum with the blocking peptide completely abolished immunostaining in WT and Bbs4 -/-brain sections. 2.3.2. Immunohistochemical Processing. Cryoprotected brains were sectioned in the coronal plane (35 mm) using a Leica SM200R sliding microtome equipped with a tissue freezing stage. The coronal sections were collected in PBS containing 0.3% Triton-X (PBT) and then processed for immunohistochemical localization of ACIII using the glucose oxidase-DAB-nickel -/-method [53] . Brain sections from the control and transgenic mice were processed and rinsed using the same solutions and the incubation times were equivalent such that all the sections were developed simultaneously in the same conditions. Tissue was incubated in a 1:500 dilution of the primary antibody for 48 hours at 4uC. Following washes in PBT for 1 hour the sections were incubated in a 1:200 dilution of donkey anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories, Inc.; catalog number 711-065-152) diluted in PBT. After a 30-minute rinse in multiple changes of PBT the sections were incubated in Vectastain Elite reagents (Vector Laboratories, Burlingame, CA) for 2 hours.
Sections were rinsed in 0.1 molar acetate buffer (pH 6.0) and the reaction product was generated by incubating the sections in a glucose oxidase-DAB-nickel solution. Thereafter, the tissue was neurons in the rodent brain [54] . Sections were dehydrated in graded ethanols, cleared in xylenes, and coverslipped with Cytoseal 60 (Richard-Allan Scientific, Kalamazoo, MI). All sections were photographed using bright field optics and an Olympus BX51 microscope equipped with a Hamamatsu ORCA-ER digital camera.
Electron microscopy
Vibratome 50 mm sections were postfixed in 1% osmium tetroxide, washed in repeated changes of 0.1 M PB, and dehydrated in a graded ethanol series. The sections were then passed through multiple changes of acetone followed by sequential changes of increasing concentrations of Epon-Araldite embedding media diluted in acetone (1:1 for 6 h; 3:1 overnight). After a final change in 100% resin for 12 h the sections were flat-embedded and polymerized overnight at 60uC. The areas of interest were dissected from the flat-embedded sections and thin sections were cut using a Leika Ultracut R ultramicrotome. Ultrathin sections were examined with a Morgagni transmission electron microscope and the images were taken by a digital camera attached to the microscope.
Western blot analysis of ACIII
Two Bbs4
-/-and two WT mice were used for Western blot analysis. The animals were anesthetized as described in section 4.2 and decapitated. The brains were quickly removed and placed in liquid nitrogen. The areas of interest were later dissected and placed in numbered tubules. Western blots of hippocampus, amygdala, nucleus accumbens shell and suprachiasmatic nuclei from wild type and Bbs4 -/-mice using the same antibody utilized to immunohistochemically detect ACIII peptide. The Western blots were performed by an investigator who was blinded to sample identity. Densitometric analyses of the immunoblots were performed using the ImageJ software.
Data Analysis
Qualitative evaluations of the relative number and morphology of ACIII immunopositive cilia throughout the hippocampus, amygdala, AcbSh, SCN, DTg and Pr5VL were made on every section that contained these brain subdivisions. Quantitative analysis was conducted using single sections that passed through the intermediate portion of the central nucleus of the amygdala (Figures 1 B & C) , through the rostral portion of hippocampus that contains dorsal hippocampal subfields (Figures 3 B & C) , through the caudal portion of the hippocampus that contains both dorsal and ventral hippocampal subfields (Figures 4 A-C) , through the middle part of AcbSh and through sections containing the SCN, DTg and Pr5VL ( Figure 6 ). Matching sections were selected for each case and corresponded to the following coordinates of the Mouse Brain in Stereotaxic Coordinates atlas [55] Cilia were counted within these areas at all focal points using a 406 objective (Nikon Optiphot microscope equipped with a MTI DC330E digital camera) and StereoInvestigator image analysis software (Version 10; MicroBrightField, Williston, VT). Subdivisions of each region of amygdala, hippocampus, AcbSh, SCN, DTg and Pr5VL were subsequently defined and the counts of immunopositive cilia within each subfield were determined. To normalize for variations in the size of the regions between knockout and wild type animals, the number of immunopositive cilia in each subdivision was divided by the area and reported as the density of cilia within each region (cilia/mm 2 ). We decided not to divide the SCN, because no difference was detected between the dorsomedial and ventrolateral subdivisions. Cilia length was computed from 406 images of subdivisions of dorsal and ventral hippocampus using Image J software (http://rsbweb.nih.gov/ij/).
Numbers of neurons within each of the regions subjected to analysis of immunopositive cilia were also computed. Counts were made using the optical dissector probe of Stereo Investigator software. Each region was outlined and neurons exhibiting a stained nucleolus were marked in the randomly sampled fields selected by the software. Guard zones within each sampled area were excluded from counting. To normalize for variations in the size of the regions between knockout and wild type animals, the number of neurons in each subdivision was divided by the area and reported as the density of neurons within each region (neurons/mm 2 ).
Statistical analysis
Data were analyzed using a repeated measures ANOVA tests, with brain region as the repeated (within subjects) measure, and genotype as the between subjects factor. Demonstration of significant effects in the ANOVA analysis was followed with post hoc Student's t-tests to determine if statistically significant differences in cilia density or length of cilia existed between control and mutant mice within comparable regions of the brain. Differences between regions were considered significant when the P value was #0.05.
